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1 Introduction
During RAN#67, a study item (SI) [1] on latency reduction techniques for LTE was approved. In particular, the SI description (SID) includes a list of possible benefits and a description of the objectives of the SI for RAN1.
Possible benefits of reducing packet data latency includes improved TCP throughput by reducing the impact of the slow start period in particular for HTTP-based transactions that are typically less than one Mbyte in size, improved L2 buffer dimensioning for very high data rates, improved radio resource usage by enabling higher BLER operating point for delay-bounded traffic, improved QoE for real-time applications as well as enabling new delay-critical applications.

One objective of the SI from the perspective of RAN1 is to assess feasibility and specification impacts of TTI lengths between one OFDM (or SC-FDMA) symbol and one slot (i.e. 0.5ms), including impacts on reference signals and physical layer control signaling, while preserving backwards compatibility for other UEs in the cell.

This contribution further discusses such possible protocol-related enhancements.
2 Support of Short TTIs (ShTTI) in LTE
This section lists a number of considerations for the support of Short TTIs (ShTTIs) from the perspective of possible specification impacts with focus on minimizing such impacts.

2.1 Backward Compatibility Requirement

The SID states that backwards compatibility shall be preserved such that normal operation of pre-Rel13 UEs on the same carrier is possible when introducing support for ShTTIs. This requirement has a number of implications including preserving the existing control region in the downlink for PDCCH and the cell-specific CRS grid, as well as ensuring that RACH/PRACH is not impacted for legacy UEs.
Observation 1:
Support for ShTTIs should be UE-specific to ensure backwards compatibility in a cell.

2.2 Physical Channels Supporting ShTTI

The objective of the SID is to support ShTTI for latency reduction, mainly to improve the slow start phase of TCP connections for small data transfers. It should be determined what physical channel(s) need to support ShTTI and how.
For SRS, it is assumed that no additional sounding is needed per ShTTI such that it can remain tied to the last symbol of a subframe. The only specification impact would then be to clarify, if necessary, that the logic for transmission of SRS is only applicable to a ShTTI for which the last symbol coincides with the last symbol of the subframe.

2.2.1 PRACH (and more generally the RACH procedure)
Given the backward compatibility requirement, it shall remain possible to configure PRACH resources available to legacy UEs and in particular for IDLE mode UEs. PRACH resources are typically cell-specific and common to UE’s in the cell. The RAR is scheduled on the PDCCH CSS and received on PDSCH. For UEs that support ShTTI, it may thus be possible to consider support for RAR reception using ShTTI for Contention-Free RACH (CFRA). Similar reasoning can be used for the grant inside a RAR for CFRA i.e. it could be made to schedule ShTTI.
For PRACH, the question is however whether or not there is a need for a separate, additional PRACH with preambles supporting ShTTI as part of a new, low latency Rel13-specific RACH procedure. Firstly, the objective of the SID is not to specifically improve the IDLE to CONNECTED mode transition. Secondly, other possible motivations would then be for CONNECTED UEs for the unsynchronized to synchronized transition, for shorter RA-SR or for the handover procedure. However, other methods are being discussed in RAN2 to reduce latency in such cases e.g. maintaining a UE in synchronized state configured with D-SR with a very short periodicity on PUCCH or other improvements for the handover procedure.

Proposal 1:

ShTTIs should not be applicable to PRACH as it is not necessary to meet the SID’s objective.

Consequently, ShTTIs and shorter processing times should not be applicable at least to a DCI received on PDCCH using RA-RNTI. For simplicity, this could be further extended to the time during which the UE has a RACH procedure ongoing. There is no impact foreseen to a PDCCH order that initiates RACH.

Observation 2:
ShTTIs and shorter processing times should not be applicable on the PCell when a RACH procedure is ongoing.

RAN1 should provide observation 2 as a recommendation to RAN2, as this may be also up for discussion RAN2.

2.2.2 PDCCH and PHICH
For LTE FDD, the radio frame consists of 10 subframes of 1ms each with a TTI of 1ms. Each subframe further consists of two 0.5ms slots of 7 symbols for a configuration with a normal cyclic prefix. The UE may be configured such that between 1 to 3 symbols are used at the beginning of the first slot for control signalling including PDCCH as well as PCFICH and PHICH (both always in the first symbol). The control region spans the entire bandwidth for a given cell.
One implication of the backwards compatibility requirement is that the control region shall remain tied to the subframe. The control region cannot be replicated to each ShTTI as legacy UEs could not longer operate in the impacted symbols. In other words, the allocation of resources for the control region and thus for PDCCH, PCFICH and PHICH should not be modified to preserve backward compatibility.
Observation 3:
The existing DL control region for PDCCH/PCFICH and PHICH for each subframe should not be modified.

For ePDCCH, it may be possible for RAN1 to consider the possibility of mapping over a shorter set of symbols to enable scheduling at two different times during the subframe.
RAN1 should therefore consider scheduling of multiple ShTTIs per subframe for a given UE using the PDCCH as a baseline, assuming that a UE configured with ShTTI may be scheduled in more than one ShTTI in a given subframe. 
Proposal 2:
PDCCH should support multi-ShTTI scheduling within a given subframe as a baseline if a UE may be scheduled in more than one ShTTI in the subframe.

In such case, the determination of the ShTTI for which a resource allocation is applicable would require further study. 
For example, multi-ShTTI scheduling could be achieved by defining a new DCI supporting multiple TB assignment and resource allocation, or by having the same DCI applicable to one or more ShTTIs in the concerned subframe using specified rule and/or an explicit indication in the DCI of the applicable ShTTI(s) being scheduled in the subframe.

Reuse of existing DCIs should however be preferable. For example, multi-ShTTI scheduling could be supported by reusing LTE CA DCI signaling for cross-carrier scheduling to indicate the identity of the ShTTI applicable for a transmission in a subframe, e.g. using Carrier Indicator Field (CIF). This would imply the least specification impacts. 

2.2.3 PDSCH and PUSCH
Clearly, the objective is to shorten the TTI for data transmission such that ShTTIs are applicable to both PDSCH and PUSCH. One aspect is whether support for ShTTIs should be only for the PCell or if it may also be applicable to a UE configured with LTE CA (i.e. also for SCells including DL-only SCells) and/or with LTE DC (i.e. also for the PSCell).  
Another aspect to determine is whether support for ShTTIs is tied to a specific direction e.g. if a configuration where ShTTIs are applicable to DL only or UL only is also supported. 

The impact of such asymmetric configuration is mainly tied to the impact on the processing time when HARQ feedback for ShTTI is carried as UCI on PUSCH when there is a legacy 1ms PUSCH transmission, and to the impact of the transmission of uplink HARQ feedback using the legacy 1ms TTI transmission on PCell when only a DL-only SCell is configured for ShTTIs.
Proposal 3:
Support for ShTTI should only be considered for single cell (PCell) and for both DL and UL directions as a baseline; extensions to LTE CA and LTE DC can be discussed later (if at all).

It may also be possible to further reduce the specification impacts of ShTTI by enabling at most one ShTTI per subframe for a given UE given that it may be sufficient to achieve the per-UE latency reduction objectives.

2.2.4 PUCCH
For the PUCCH, support for ShTTI is related to the transmission of HARQ feedback, CQI/PMI/RI and D-SR.
Uplink HARQ feedback is obviously tied to a corresponding downlink transmissions and as such it may be desirable to tie the use of ShTTI on PUCCH to the ShTTI duration associated to the corresponding HARQ process. Such association should further include the relative location in time of the ShTTI within their respective subframe such that the processing time relation between a HARQ transmission and the transmission of feedback may be constant. However, cases exists with TDD where different HARQ processes have different processing time for the same TTI duration.
Other UCI is however related to scheduling and link adaptation. Assuming that PDCCH is considered as the baseline for scheduling of multiple ShTTIs for a given subframe and assuming that CQI/PMI/RI estimations from the UE remains unchanged at the 1ms granularity, then link adaptation can also remain at the subframe granularity. Sufficient benefits (including reduction in specification impacts) should be demonstrated before changing the granularity of the transmission of CQI/PMI/RI at the level of ShTTI.
Similarly, D-SR is also tied to scheduling on PDCCH. Assuming PDCCH is used as the baseline for scheduling any or all ShTTIs in a subframe, it is unclear whether lower latency could be achieved using ShTTI for D-SR. The UE also currently determine whether or not it should trigger SR at the subframe boundary and this would need modifications.
Furthermore, for HARQ feedback and D-SR, care should be taken to further assess or avoid any possible impacts on coverage that could limit the configuration of ShTTIs to UE in good radio conditions only. Finally, for CQI/PMI/RI there may be additional impacts related to the capacity of the channel.

Resource allocation for PUCCH transmission may thus be impacted differently depending on how ShTTI is applied:

1) ARI in single-ShTTI DCI(s) or in a multi-ShTTI DCI could be used to indicate either:

a. a single resource for HARQ feedback for all ShTTI DL transmissions of a given subframe for a given UE in case PUCCH transmission uses the legacy 1ms TTI and a suitable PUCCH format; or

b. a single resource for HARQ feedback for each ShTTI DL transmissions of a given subframe for a given UE in case separate PUCCH transmissions with ShTTI are performed in a time-division multiplexing (TDM) manner on the indicated resource; or

c. a separate resource for HARQ feedback for each ShTTI DL transmission of a given subframe for a given UE in case separate PUCCH transmissions with ShTTI are performed in a TDM manner on the different PUCCH resource;

2) Legacy resource allocation based on first CCE of the DCI could be used in case a multi-ShTTI DCI per subframe is used using a suitable PUCCH format. Bundling could be also considered in case PUCCH transmission remains at the legacy 1ms TTI.

Other approaches are possible but the selected method should involve the least possible complexity.

If multiplexing of 1ms TTI and ShTTI for the same UE is supported dynamically, how to handle transmission of HARQ feedback colliding due to the different associated processing times will need further considerations.

Observation 4:
Applicability of ShTTIs to PUCCH transmissions requires further discussions, including whether such applicability may depend on the type of UCI/SR being transmitted. 
2.3 UE-specific Support for ShTTI

Assuming that the control region remains unmodified with the introduction of ShTTIs, the number of symbols available for data using a slot-based approach may differ between a first 0.5ms ShTTI and a second 0.5ms ShTTI by up to two symbols. For example, when configured with a normal cyclic prefix, the first slot may have 4 symbols for data while the second slot has 7 symbols for data on PDSCH. We however find no strong motivation for defining ShTTIs using a slot-based approach in the downlink. Rather, a definition based on a number of symbol(s) should be used as a function of the size of the control region and the number of ShTTIs in the subframe as configured for the UE. For example, in this case two downlink ShTTIs of 5 and 6 symbols respectively could be defined. The appropriate number of ShTTIs per subframe should be further evaluated, but means to easily extend ShTTIs to even shorter TTIs (i.e. down to one symbol) in future releases should be considered.
Proposal 4:
The definition of a ShTTI should be based on a number of symbols such that it may easily be extended to TTI values as short as one symbol.
2.3.1 Multiplexing between 1ms TTI and ShTTIs
One aspect to consider is whether or not a UE may be configured to operate with both the legacy 1ms TTI and ShTTI and, if so, under what conditions would the UE determine that a transmission is scheduled with ShTTI. This should be determined based on tradeoffs due to user plane traffic type applicable to ShTTI, changing radio conditions for a given UE and system load.

Support for ShTTI is mainly motivated by improvements to the TCP slow start phase; however, once slow start is completed the 1ms TTI is more efficient for data transfers from the perspective of control and reference signal overhead. In other words, it can be assumed that different transmission may happen concurrently for a given UE for which different TTI duration may be more suitable.

Furthermore, shorter TTIs imply reduced coverage in the uplink; a UE configured with ShTTIs and moving towards the cell edge may be more suited to use the legacy TTI than ShTTI such that it may be preferable to ensure that both TTI durations can be used based on changing radio conditions. Possible impacts to RRC connectivity should be otherwise considered.

Finally, the relative overhead in terms of control channels and possibly in terms of Reference Signals is likely to be higher with ShTTI than otherwise. In case the load in a cell increases, it may be useful for the eNB scheduler to have means to switch back to the legacy TTI for UEs configured with ShTTI in a relatively short time scale.

Observation 5:
Multiplexing of 1ms TTI and ShTTI for a given UE across different subframes (TDM) should be considered.

It may be possible to consider that the objective in terms of latency reduction may be achieved by supporting a single ShTTI per subframe for a given UE. In such case, different UEs could still be multiplexed in time within a subframe using the same resource in frequency. This may further lead to fewest specification impacts and to a need to support fewer additional HARQ process for ShTTI. However, such solution may imply a significant loss in data rates for a UE configured with ShTTI and may further delay other flows that could benefit from ShTTIs when all HARQ processes would be ongoing.

Observation 6:
Support for multiple ShTTIs for a given UE within a subframe should be considered. 

There are different alternatives to support both the 1ms legacy TTI and ShTTI for a given UE including:

· By RRC reconfiguration of the applicable TTI. This however forces a service interruption for the RRC reconfiguration procedure everytime a switch in TTI duration is required which defeats the purpose of reducing latency e.g. for TCP data transfers;

· By semi-static subframe configuration e.g. such that the UE gets a configuration of a number of subframe(s) where ShTTI is applicable within a radio frame. This however does not achieve the objective in terms of latency reduction given that a UE needs to wait for a ShTTI subframe to benefit from the reduced RTT of the HARQ processing. Furthermore, there is no reduction in complexity given that both type of HARQ processes may be ongoing simultaneously;

· By dynamic scheduling on PDCCH (or also by ePDCCH). This can provide means to the eNB to schedule different UEs according to system load, according to UE geometry and according to the type of data available for transmission for a given UE assuming the eNB can determine whether or not a TCP flow is in the slow start phase.

For example, this may be supported using different approaches:

a. Introduction of a new DCI that can schedules one or more ShTTIs within a subframe;

b. Reuse of an existing DCI that could assign the same resources for one or more ShTTIs within a subframe for the transmission of different TBs;

c. Reuse of existing DCIs whereby a UE would decode on PDCCH for multiple DCIs in a subframe possibly up to one DCI for each ShTTI;
Observation 7:
Multiplexing of TTIs of different duration should be dynamic based on scheduling. 

2.3.2 HARQ Modelling and Processing Time
For LTE FDD, in the downlink there are 8 asynchronous HARQ processes numbered 0-7 which can be addressed by means of downlink DCI; in the uplink, there are 8 synchronous HARQ processes per RTT which identity is thus tied to the subframe timing.
Processing time takes into account the time needed for demodulation and channel decoding. Such time is impacted by the TTI duration and by the location of the Reference Signals whereby shorter processing time is needed the earlier the RS in relation to the data transmission. Further analysis is needed to determine how fast such processing can be. The number of additional HARQ processes needed in support for ShTTI is a function of the RTT and needs further discussions regarding processing times.

However, one implication of supporting different TTIs is that HARQ processing will differ between an initial transmission performed using a legacy TTI and one using ShTTI. Assuming that transmissions may be performed according to either type of TTI duration for aUE that supports ShTTIs, HARQ processing numbering will be impacted.

Observation 8:
Renumbering of HARQ processes has impacts on DCI signaling in the DL.

Solutions that minimizes the impacts on existing DCIs should thus be considered. For example, this could be achieved by reusing the LTE CA DCI formats for cross-carrier scheduling; in this case, Carrier Indicator Field (CIF) values could be associated with different sets of HARQ processes based on TTI duration and, for ShTTI, based on its location in time within a subframe.
2.3.3 HARQ Feedback
For the transmission of HARQ feedback in the uplink, aspects such as mapping of HARQ A/N bits on a legacy 1ms uplink transmission or on a ShTTI transmission using either PUCCH or PUSCH will require further considerations. This includes the case where HARQ A/N bits corresponds to HARQ processes of different TTI durations for a UE that supports dynamic switching between legacy TTI and ShTTI. This will have to take into consideration the method used for PUCCH resource allocation.

2.3.4 Reference Signals and Transmission Modes (TM)
Support for ShTTI will have impacts related to reference signals. Indeed, there is a tradeoff between using CRS-based transmission modes (TM) or DMRS-based TMs in terms of decoding performance and RS overhead with reduced TTI durations. As mentioned earlier, the CRS grid is cell-specific and should not be modified to preserve backwards compatibility. Transmission modes 7-10 uses a UE-specific DM-RS configuration. While either type of TM could be made to work with reduced TTI duration, it may be preferable to initially focus on DMRS-based TMs in combination with ShTTI given the available flexibility to adjust the density of the reference signals and the DL DMRS positions at least for symbols in the first slot of the subframe. Performance tradeoffs of using CRS compared to using DMRS-based TMs could be further evaluated in a later stage to determine whether or not CRS-based TMs should also be supported and if so, which ones.
Proposal 5:
Support for ShTTI should first consider DMRS-type of Transmission Mode (TM) as a baseline; extension of its applicability to CRS-based TMs should be FFS.

3 Conclusion

RAN1 should thus discuss the above and use the following observations and proposals as working assumptions for further work studying support for ShTTI in LTE R13:
Observation 1:
Support for ShTTIs should be UE-specific to ensure backwards compatibility in a cell.

Proposal 1:

ShTTIs should not be applicable to PRACH as it is not necessary to meet the SID’s objective.

Observation 2:
ShTTIs and shorter processing times should not be applicable on the PCell when a RACH procedure is ongoing.

Observation 3:
The existing DL control region for PDCCH/PCFICH and PHICH for each subframe should not be modified.

Proposal 2:
PDCCH should support multi-ShTTI scheduling within a given subframe as a baseline if a UE may be scheduled in more than one ShTTI in the subframe.

Proposal 3:
Support for ShTTI should only be considered for single cell (PCell) and for both DL and UL directions as a baseline; extensions to LTE CA and LTE DC can be discussed later (if at all).

Observation 4:
Applicability of ShTTIs to PUCCH transmissions requires further discussions, including whether such applicability may depend on the type of UCI/SR being transmitted. 
Proposal 4:
The definition of a ShTTI should be based on a number of symbols such that it may easily be extended to TTI values as short as one symbol.
Observation 5:
Multiplexing of 1ms TTI and ShTTI for a given UE across different subframes (TDM) should be considered.

Observation 6:
Support for multiple ShTTIs for a given UE within a subframe should be considered. 

Observation 7:
Multiplexing of TTIs of different duration should be dynamic based on scheduling. 

Observation 8:
Renumbering of HARQ processes has impacts on DCI signaling in the DL.

Proposal 5:
Support for ShTTI should first consider DMRS-type of Transmission Mode (TM) as a baseline; extension of its applicability to CRS-based TMs should be FFS.
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